The abundance of solar energy is a blessing in the Arabian Peninsula, where more than 2000 kWh/m 2 density has been recorded annually. This has resulted in sincere consideration of PV harvesting in the energy matrix and smart grid. However, artefacts such as degradation of PV efficiency due to the high temperature effect have to be addressed. This paper presents a novel design of a PV cooling system using water to mitigate the effect of high temperature. Several experiments have been conducted, and the results have been analyzed. It has been found that the collected water from the panel after 40 min of cooling gained a temperature of 10 • C approximately, during December 2016. Eventually, the efficiency was improved by 10.35% (without using MPPT) using water at ambient temperature (24 • C) compared to the non-cooled panel. Moreover, the temperature of the panel during solar peak hours dropped from 64.3 • C to 32 • C and from 59 • C to 27 • C in 3 min for the back and front surface, respectively. These results, which are the first of their kind in Qatar, constitute good incentives and pave the way for further investigation to enhance PV efficiency in harsh environments. This would be of paramount significance, especially for scaling up PV deployment, as is planned in Qatar and GCC countries in their 2030 vision.
Introduction
Solar irradiance reaching the Arabian Peninsula lands is rated at more than 2000 kWh/m 2 annually [1] . In addition, Photovoltaic (PV) technology is becoming more preferred than any other source of renewable energy (e.g., wind energy), because it is static, free of noise, and requires relatively lower maintenance cost. Moreover, the drop in the capital cost, being free of pollution while in operation, and being sustainable have gathered further attention in the last few years. However, in hot regions, PV efficiency drops considerably, for instance in Qatar, as the temperature reaches 40 • C-50 • C during summer [1] . Quantitatively, due to the heating effect, the efficiency drops by 0.1%-0.5% for each 1 • C gained by the cell surface, depending on the manufacturing technology [2, 3] . In Qatar, during the summer season, the surface temperature of the PV panel reached around 80 • C, which could be the same case for the Arabian Gulf and other Middle East countries [4] .
Practically, PV converts some fraction of irradiance into energy, and the rest is reflected or converted into heat on the module. For example, the average efficiency of mono-crystalline silicon solar cells falls between 14% and 17%, depending on the technology and manufacturer [5] . Technically, PV technology utilizes semi-conductors as cells to convert solar energy into electrical energy. Moreover, every cell has series and parallel resistances; due to high temperature, the series resistance increases, while the shunt resistance drops. The increase in series resistance leads to higher voltage drops, which reduce the output voltage, and similarly, a drop in parallel resistance allows more current to flow through it. Consequently, the output power drops due to the high temperature [3, 6, 7] . High temperature does not affect the PV efficiency only, but also affects the lifetime of the panel [8] .
To improve the PV efficiency, many studies have been conducted to cool down the PV surface. A multi-crystal PV of 60 W was used with a variable resistor to find the I-V characteristic curve and for cooling at a water flow of 5 L/min, to observe the efficiency of the panel at the Hashemite University, Jordan, under desert climatic conditions. An increase in output power of the system was found in the range of 4-10% due to front surface cooling [5] . A study was conducted at the German University in Cairo on a system that had six PV panels rated at 185 W per panel, and a pump was used to be switched on for 5 min at solar peak (between 11:00 and 14:00); the efficiency was increased from 10.7% to 12.0%, and the temperature dropped from 47 • C to 36 • C. This study implies that after 5 min of cooling at the maximum temperature of the day, the efficiency was improved by 10.8% and the temperature dropped by 11 • C [7] . However, it was noted that the system returned to operating at the pre-cooling state within 15 min.
Though there are many approaches, where solutions similar to solvents for cooling purposes have been used [9] [10] [11] , the focus of the paper is to use water, as it is readily available, and the hot water collected later could be used for other purposes, unlike solvents. Nonetheless, considering solvent cooling is an opportunity that could be investigated further. It was further verified in previous studies that cooling by water is the most efficient way for cooling PV cells [7, 12, 13] . In addition, water is a more effective coolant than air [14] . The Sun-tracking technique would not be an effective method if it were applied in summer compared to water-cooling. Moreover, water flow on the active surface can reduce reflection losses of the light, because the refractive indexes of air and glass are 1.0 and 1.5, respectively, whereas the water refractive index is 1.3, which falls between air and glass [3] . Furthermore, cooling by water can increase the lifetime of cells and eliminate debris spots, which can destroy the cells due to the distribution of a non-uniform nature of temperature on the panel [3, 5] . An experiment was conducted in University Politehnica of Bucharest to observe the cooling of the front surface of the PV. By having a water flow at a rate of 2 L/min at 24 • C, the temperature was dropped from 48 • C to 35.5 • C and output power was boosted from 73.0 W to 76.5 W. That means maximum efficiency was increased by 4.575%. However, panel efficiency dropped back to its pre-cooling state in less than 10 min after cooling was switched off [3] .
In the United Arab Emirates, four identical mono-crystalline PV modules of 32 cells, each rated at 140 W peak output, using a commercial PV tracker were monitored under different water temperatures by an intermittent cooling technique. The modules were in Abu Dhabi (24.43 • N, 54.45 • E), at a tilt angle of 24.5 • with respect to the horizontal ground plane and were above the ground by an altitude of 15 m. A Polyvinyl Chloride (PVC) tube was placed on the upper edge of the panel to cool the active surface uniformly and to minimize the thermal contact resistance between water particles and solar cells. At ambient temperature, the water temperature was between 38 and 39 • C. Electrical efficiency was boosted by 18.18%, 19.2%, and 24% when cells were cooled with water at ambient temperature (38-39 • C), 25 • C, and 8 • C, respectively [15] . Moreover, the experiment showed that the intermittent cooling method was more effective than continuous cooling, even using un-chilled water. However, the system used to operate at its pre-cooling efficiency within 15 min after switching off the cooling system, which worked for 3-5 min.
In the United Arab Emirates, it was experimentally stated that through cooling, peak output power of 0.5 W was gained for a reduction of every • C in the cooling water below ambient air temperature. Two identical PV modules were used, each having a rated output of 140 W peak facing south, and tilted at 24.5 • , with respect to the horizontal ground plane, in Abu Dhabi. The cooling setup was water flowing on the cells uniformly through an outlet pipe that was placed on the upper edge of the module and recirculated by gravity through a trough to the second reservoir. A PV analyzer was used at the output to maximize the output power; therefore, electrical efficiency was increased by 24% when cells were cooled by water at a temperature of 3 • C [16] . Moreover, the intermittent cooling technique was applied as 5 s on and two minutes switched off, which saved 96% of water consumption relative to continuous cooling. However, under 3 min after switching off cooling, the efficiency of the cell dropped back to its pre-cooling state.
Despite the untapped solar irradiance in the region, artefacts like high ambient temperature for a large duration in a year along with a dusty environment degrade the energy yield of PV systems. Hence, to improve the efficiency of the conversion, it is significant to develop a system that can cool down the system periodically. As the objective is to check the PV panel performance with the novel cooling technique, three different experiments were done on a single PV at different times. Even though it is obvious that cooling the back surface will have better performance, there has been no quantitative study on this so far. In this study, a mono-crystalline panel setup was used, which was available in the research facilities. Nevertheless, similar or even more pronounced results could be expected if poly or amorphous PV cells were used, because it was seen in another study that polycrystalline solar cells are more prone to temperature effects than mono-crystalline [4] . Overall, cooling by water has several advantages, such as collecting more irradiance due to refraction through water, dropping the panel temperature, removing light pollutants from the surface, and providing hot water.
To the best of the author's knowledge, the cooling system proposed in this work differs from other reported cooling approaches. In previous works, researchers used backside pipes, water spraying nozzles, and water immersion of the panels. In all these cases, either water was wasted or the aspect of the amount of heated water temperature was not studied. Moreover, in this study, the authors eliminated the resistance between the coolant (i.e., water) and the panel by just covering the back surface completely and making it, for the first time, a water conservation reservoir, which is considered as novel, but not innovative. The experiment is a proof-of-concept that should lead to quantifying improvement in energy conversion by water-cooling. The rest of the paper is organized as follows: Section 2 describes the methodology of cooling proposed by the authors; Section 3 presents and discusses the results; and Section 4 concludes the work.
Methodology of Cooling
The proposed system is shown in Figures 1 and 2 , and as shown in Figure 1 , the proposed design comprised a 250-L reservoir, DC pumps with a rated flow of 20 L/min, PVC tubes, PVC pipes, and electric valves.
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Results and Discussion
In Figure 3 , both panels were kept under irradiance of the Sun for an hour before collecting the readings. The initial temperature of the water in the reservoir was about 24 • C. Cooling of the active (front surface) surface started at 11:10 for 3.2 min, and the output power improved until 11:13. As the cooling stopped, the panel power started to decay gradually due to the increase in cells' temperature. Output power of the panel at 11.13 was approximately 10.35% higher compared to the non-cooled panel. 
In Figure 3 , both panels were kept under irradiance of the Sun for an hour before collecting the readings. The initial temperature of the water in the reservoir was about 24 °C. Cooling of the active (front surface) surface started at 11:10 for 3.2 min, and the output power improved until 11:13. As the cooling stopped, the panel power started to decay gradually due to the increase in cells' temperature. Output power of the panel at 11.13 was approximately 10.35% higher compared to the non-cooled panel. As shown in Figure 4 , the temperature of the panel dropped from 64.3 °C to 32 °C and 59 °C to 27 °C in 3 min for the back and a front surface, respectively. Moreover, the average output power was increased by 4.0% for 10 min compared to the normal panel.
In Figure 3 at 12:22, cooling for both surfaces of the module was started. The backside container was filled with water for a minute, and front surface cooling was switched on for a minute after 3 min. At 12:27, the maximum improvement in power reached 8.55%. In addition, it was recorded that the panel temperature dropped from 64 °C to 32 °C and 59 °C to 31 °C in 5 min for the back and front surface, respectively. Moreover, the average output power was increased by 5.6% for 40 min As shown in Figure 4 , the temperature of the panel dropped from 64.3 • C to 32 • C and 59 • C to 27 • C in 3 min for the back and a front surface, respectively. Moreover, the average output power was increased by 4.0% for 10 min compared to the normal panel. In Figure 3 at 13:24, only the back surface was filled with water within a minute, and the output power remained higher than the reference PV for 40 min. Maximum power was obtained at 13:28 and was increased by 6.18%. The water was released from the backside container at 14:05, and the temperature of the water was around 34.4 °C. The temperature of the panel dropped from 59 °C to 35.7 °C and 56 °C to 37.6 °C in 6 min for the back and the front surface, respectively. Moreover, the average output power was improved by 5.4% for 30 min after cooling compared to the power of the reference PV panel. However, the readings after 13:55 had an error due to partial shading effect on the reference panel. Moreover, it should be noted that no devices like the I-V tracer or Maximum Point of Power Tracking (MPPT) were used, otherwise, the results would have been improved significantly like the studies in [15, 16] . In Figure 4 , it can be noticed that cooling the backside of PV by water did not drop the panel front surface temperature significantly.
After 40 min, the temperature of collected water from the back container was 10 °C higher than the reservoir water temperature. However, the main reason for the cooling module being less efficient before the commencement of cooling compared to a normal panel is that it had a cover on the backside that blocked the natural ways of cooling, such as wind flow. Moreover, this design was built to eliminate thermal resistance between the coolant and the panel, and it should be on continuous cooling mode. In addition, it provided hot water to the customer; hence, it was required to repeat the cycle of cooling for the backside at a regular interval of 30 min on winter days during peak hours. It should be noted that whenever the backside was filled with water at ambient temperature, the efficiency was higher at least until 30 min compared to the non-cooled panel. Moreover, the cooling technique was intermittent, and cooling the backside consumed less energy (32%) compared to surface cooling.
The experiments captured in Figure 3 represent typical results after several experiments. It is important to notice that back cooling experiments were conducted when there was less heat (from Figures 3 and 4) . Back cooling was done for lower solar irradiance and lower back and surface panel temperatures compared to front and dual cooling. Since the panel power varied linearly with the irradiance and temperature degraded the panel power, we would expect the back-cooling curve (right most in Figure 3 ) to go up, hence exhibiting higher powers if the back cooling were done simultaneously with front and dual cooling. This might indicate that back cooling would suffice for mitigating heat effects. This can account for the fact that the solar cells substrates are sitting on the In Figure 3 at 12:22, cooling for both surfaces of the module was started. The backside container was filled with water for a minute, and front surface cooling was switched on for a minute after 3 min. At 12:27, the maximum improvement in power reached 8.55%. In addition, it was recorded that the panel temperature dropped from 64 • C to 32 • C and 59 • C to 31 • C in 5 min for the back and front surface, respectively. Moreover, the average output power was increased by 5.6% for 40 min compared to the normal panel.
In Figure 3 at 13:24, only the back surface was filled with water within a minute, and the output power remained higher than the reference PV for 40 min. Maximum power was obtained at 13:28 and was increased by 6.18%. The water was released from the backside container at 14:05, and the temperature of the water was around 34.4 • C. The temperature of the panel dropped from 59 • C to 35.7 • C and 56 • C to 37.6 • C in 6 min for the back and the front surface, respectively. Moreover, the average output power was improved by 5.4% for 30 min after cooling compared to the power of the reference PV panel. However, the readings after 13:55 had an error due to partial shading effect on the reference panel. Moreover, it should be noted that no devices like the I-V tracer or Maximum Point of Power Tracking (MPPT) were used, otherwise, the results would have been improved significantly like the studies in [15, 16] . In Figure 4 , it can be noticed that cooling the backside of PV by water did not drop the panel front surface temperature significantly.
After 40 min, the temperature of collected water from the back container was 10 • C higher than the reservoir water temperature. However, the main reason for the cooling module being less efficient before the commencement of cooling compared to a normal panel is that it had a cover on the backside that blocked the natural ways of cooling, such as wind flow. Moreover, this design was built to eliminate thermal resistance between the coolant and the panel, and it should be on continuous cooling mode. In addition, it provided hot water to the customer; hence, it was required to repeat the cycle of cooling for the backside at a regular interval of 30 min on winter days during peak hours. It should be noted that whenever the backside was filled with water at ambient temperature, the efficiency was higher at least until 30 min compared to the non-cooled panel. Moreover, the cooling technique was intermittent, and cooling the backside consumed less energy (32%) compared to surface cooling.
The experiments captured in Figure 3 represent typical results after several experiments. It is important to notice that back cooling experiments were conducted when there was less heat (from Figures 3 and 4) . Back cooling was done for lower solar irradiance and lower back and surface panel temperatures compared to front and dual cooling. Since the panel power varied linearly with the irradiance and temperature degraded the panel power, we would expect the back-cooling curve (right most in Figure 3 ) to go up, hence exhibiting higher powers if the back cooling were done simultaneously with front and dual cooling. This might indicate that back cooling would suffice for mitigating heat effects. This can account for the fact that the solar cells substrates are sitting on the back surface of the panel, so back cooling cools the cells more quickly and more efficiently. Front cooling also does the same thing, but less efficiently, as front cooling improves efficiency by removing dust as well, which increases captured solar radiation and hence the cell's efficiency. Nonetheless, front water-cooling would have a bigger effect after long-term dust deposition on the panel surface by mainly cleaning the surface panel.
It is concluded that continuous water flow on the active surface cooling needs more time compared to the method where water is directly in contact with the back surface. The most efficient solution for cooling is suggested to be water; thus, cooling both sides by water will help to remove the dust, cool the cells down, and obtain hot water for different applications, such as domestic, healthcare, and industrial. Indeed, because of evaporation, the loss of some water is expected. However, water is easily available for these types of application because it does not require drinkable water, or during the rainy season, it can accumulate water in the trough. Thus, cooling enhances the lifespan of the module being operated at a high temperature for long periods. Overall, the above study was done over a limited period; we would expect quite a significant improvement in energy yield if this had been applied for extended periods.
It should be noted that no optimization studies were done for cooling system components' cost in this study. Nonetheless, this approach can be scaled up for a PV string or PV array, and we expect this to be economically feasible in terms of (i) hot water that could be generated from this process, (ii) the simplicity of the design with the addition of pipes, electro-mechanical valves, micro-controllers, and aluminum sheet with some efficient algorithm; and (iii) efficiency, as more energy could be generated. The investigation in this regard is a scope for future work. Table 3 presents a list of the components' prices for the proposed solution for one panel. In order to find the economic feasibility of the solution, the below has to be considered, in a more deliberate long-run study for accurate conclusions:
• Strings or arrays of panels in a solar farm perspective.
•
Cooling methodology of the arrays, which obviously should not envision one water reservoir, nor one pump or electric valve for each panel, but shared units for cost-effectiveness.
The hot water recuperated from the arrays.
Powering pumps from dedicated PV panels for cost-effectiveness.
